Plants of Zea mays were grown with their roots confmed to growing tubes, consisting of cylindrical or spherical glass tubes fitted at the bottom with a stopcock. Nutrient solution was circulated past the roots, and when a plant was 21 to 25 days old, the stopcock was closed, the root excised from the plant and connected to an apparatus which measured root pressure and exudation volume flow rate. The stopcock was opened and solution was again circulated through the growing tube without dropping the level of the liquid bathing the root in the process.
the cylindrical section by the 500 cm3 spherical section of a round bottom flask. The stem of all unsupported roots passed through a hole in a split cork inserted in the top of the growing tube, which held the root in position after excision.
Nutrient solution was circulated through the tubes during growth. When a plant was from 21 to 25 d old, its root was severed from the top, the stopcock was closed, the growing tube and root were connected to the measuring apparatus (1), the stopcock again opened and circulation restored without allowing the solution level in the growing tube to drop. This ensured that the initial measurements were made on essentially undisturbed roots. Measurements of both root pressure, Figures 1 and 2 , and of flow rates, Figure 3 , were then made as a function of time, during which nutrient solution at 30C was continuously circulated past the roots. At various intervals, the apparatus was drained and refilled with solution at the same temperature. In addition, at the times indicated in the figures, the unsupported roots were transferred to a beaker. This was accomplished by gently removing the split cork, lowering the growing tube away from the root (which was then held by the top of its main stem in the pressure seal of the measuring apparatus), and replacing it with a beaker of aerated solution, maintained at the same temperature. Figure IA is a typical recording ofthe pressure developed with time by undisturbed roots. After a rise to a maximum value at about 40 min, this pressure usually drops to a minimum at about 2 h, then rises again for several more hours. This latter rise was usually linear, although the slope varied from plant to plant. Once the slope was established, however, the expected course for the last 2 to 3 h could be predicted by projection of the earlier linear portion. As will be shown, this period can be used to determine the effect on the root pressure of different treatments over a time interval of several hours. Figure 2A shows the pressure developed by a supported root over a period during which, at approximately 10 min intervals, the solution around the root was replaced. No effect on the pressure resulted from this treatment as the recording appears to be unbroken and to follow the same course as that traced by an undisturbed root. This was true also of unsupported roots, provided the nutrient solution had not been replaced by drainage or transfer. Their root pressures also rose to a maximum, although generally at a lower level than when they were supported. Draining and replacing the solution surrounding an unsupported root, however, caused an immediate and sustained drop in the pressure as can be seen in Figure 2 , B and C (arrows 1 Figure 3 are plotted the rates of exudation from the cut end of a supported root (A) and an unsupported root in a spherical tube (B). Here again it can be seen that when supported, a root can withstand repeated changes of solution without effect, whereas otherwise, a serious drop in rate results, in this case by almost 30%. Many other roots showed similar results.
These experiments demonstrate the extreme sensitivity of the root to a physical disturbance. In Figure 2 the sharpness of the drop in the pressure recording, brought about by a variety of disturbances, shows that the effects are immediate. They do not indicate the extent and permanence of the damage, however, and so to obtain a quantitative estimate of the latter, roots were transferred after establishing the slope of the rising linear portion of the pressure recording (i.e. 3-6 h after excision). The resulting injury was variable, but could be measured as shown in course of the pressure which would have developed without injury is also shown in Figure lB as the projected line AD. By comparing the actual tracing with this line, the half-time of the recovery process can be estimated. This may be taken as the time interval between that of transfer (A) and a point (E) at which the pressure has recovered half its original loss (i.e. where DE equals one-half AB). Figure IC shows the pressure recorded by a root which did not recover following transfer, as evidenced by the fact that the pressure ran parallel to, but did not approach, its expected value (broken line), or for which the half-time of recovery was infinite.
Pressure curves of this type were obtained for 33 roots. Of these, 13 (approximately 40%) failed to regain half their original pressure within 4 h. For the remainder, the recovery half-times ranged from 20 to 190 min with a median value of about 100 min. The drop in pressure following transfer ranged from 7 to 88% with a median value of 41%. None was unaffected by the transfer. For those showing recovery, there was little correlation between the size of the pressure drop and the half-time for recovery since the correlation coefficient between these two Plant Physiol. Vol. 85, 1987 variables was only 0.25. Roots grown in cylindrical tubes without a supporting medium tended to fill these tubes after 3 weeks and to form a mat of intertwined branches. This supported the roots while they were in the tube and usually protected them from damage during draining and refilling, but not when they were removed from the tubes. Smaller roots (i.e. those whose laterals were less than 1 or 2 cm in length) could usually be transferred without damage.
The most likely explanation for these changes is that unsupported roots were damaged during manipulation. There was, however, no overt evidence ofdamage, such as severed or broken branches. When roots in the larger (spherical) tubes were removed from the solution-either by draining or lowering the container-the surface tension of the water still held in the root mass caused the thin lateral branches to bend down and to lie parallel to the vertical axis. Upon return to the solution, these branches floated upward to their original horizontal position. Having been bent in this way, it is likely that the integrity of many ofthe more fragile branches was breached at several places. This would have allowed the loss of xylem sap under even the slightest pressure and could have produced the drop of both root pressure and exudation rates observed here. Such damage would also be likely to produce changes in the measured hydraulic conductivity and in the composition of xylem exudate collected under a pressure gradient. Even if breaks do not occur, such bending might trigger the formation oftyloses, which could alter the flow in many of the smaller vessels.
Salim and Pitman (3) found very large differences between the solute transporting abilities of roots of intact plants and those which had been excised. The excised roots used did not appear to have been supported and in view of the present results, it would be of interest to repeat their work using supported roots.
Because ofthe ease with which older roots (those having longer laterals) can be injured, and because even a slight injury can cause a drastic drop in root pressure (2) , it is strongly recommended that when grown in solution they be supported in some way. Two supports have been shown to be adequate here. Ofthe two, the Raschig rings are probably the better since their greater free volume (65% as compared to 40% for beads) provides more room for root growth and allows more rapid draining and circulation. They are, unfortunately, rather expensive, but since they are made ofglass, they can be cleaned with dilute nitric acid and reused. Many other materials, such as graded gravel, probably would do as well. These supports do pose the problem, however, that some means of aeration and circulation of the growth medium must be provided during prolonged measurements. The effect of lack of circulation became evident after approximately 2 to 3 min for a root in glass beads. This showed up as a drop in pressure or an accelerated decline in flow rate, both of which were reversed by aeration, provided the anaerobic period was not prolonged.
